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We report on a resonantly coupled 2(1) - 4 (1) photoassociation resonance in LiRb. This pair of
states displays interesting decay physics that hint at interference-like effects caused by two different
decay paths. We observe decay to predominantly X 1Σ+ v = 43, with significant numbers of
molecules produced in X 1Σ+ v = 2 - 12. This photoassociation resonance also produces ∼300
X 1Σ+ v = 0 J = 0 molecules/second. Finally, we identify a stimulated Raman adiabatic passage
transfer pathway from v = 43 to v = 0 that has the potential to produce up to 2 × 105 LiRb
molecules/second in the X 1Σ+ v = 0 J = 0 state.
PACS numbers:
I. INTRODUCTION
Ultracold polar molecules are interesting for many rea-
sons [1–3]. In particular, their permanent electric dipole
moment in the rovibronic ground state produces unique
physical interactions [4–6]. To realize many of these
goals, a continuous means of generating a high density
sample of rovibronically-cold dipolar molecules would
be very useful. Currently, the most successful polar
molecule experiments use an experimentally challenging
pulsed technique. Molecules are produced via magneto-
association and transfered to the ro-vibronic ground state
(that is vibrational, rotational and electronic ground
state) with stimulated Raman adiabatic passage (STI-
RAP) [7]. However, ground state generation by direct
spontaneous emission after photoassociation (PA) has
been observed previously in KRb [8], LiCs [9], RbCs [10]
and NaCs [11], explored theoretically in Ref. [12]. This
method is experimentally simpler and continuous. There
have been several proposals for trapping these continu-
ously generated ground state molecules [10, 13] and sev-
eral for increasing the phase-space density to be compet-
itive with the pulsed production method [14, 15]. For
the continuous generation method to be successful, a PA
resonance that produces large numbers of cold molecules,
preferably in one vibrational state, is essential.
In this work, we investigate a newly-discovered pho-
toassociation resonance, a mixed state consisting of reso-
nantly coupled 2(1)−4(1) long-range states in LiRb that
produces large numbers of deeply bound molecules. Sim-
ilar resonantly-coupled states exist in other molecules [8,
11, 12] and spontaneous decay to the electronic X 1Σ+
ground state, including the lowest vibrational state,
has been observed; we find this holds true for LiRb.
Molecules associated through this resonance decay to
many vibrational levels of both the X 1Σ+ ground state
and the a 3Σ+ lowest triplet state, with nearly half of
these molecules decaying to X 1Σ+ v = 43. We use
resonantly enhanced multiphoton ionization (REMPI)
and a type of depletion spectroscopy to explore the pro-
Hund’s case (a) or (b) Hund’s case (c)
A 1Σ+ 2(0+)
c 3Σ+
2(0−)
2(1)
B 1Π 4(1)
TABLE I: Correspondence between Hund’s cases (a) and (c)
in LiRb. We use Hund’s case (c) labeling for our PA states
and Hund’s case (a) for bound to bound transitions. Note
that B 1Π v′ = 20 and 4(1) v = −16 denote the same state.
duction rate and distribution of the molecules; because
of its strong decay to stable molecular states, we have
found this PA resonance to be a very successful plat-
form to study bound-to-bound transitions in LiRb [16].
Finally, as part of this work we present the first obser-
vations of ultracold X 1Σ+ v = 0 J = 0 LiRb molecules
formed at around 300 molecules/second and discuss plans
for producing up to 2 × 105 ro-vibronic ground states
molecules/second. The relevant potential energy curves
(PEC) for these measurements are in Fig. 1.
II. EXPERIMENTAL PARAMETERS
The details of our experimental apparatus are de-
scribed elsewhere [17] so we provide only a brief summary.
We work out of a dual-species MOT, .1 mK in temper-
ature and 1 mm in diameter [18], trapping ∼ 5× 107 7Li
atoms and ∼ 108 85Rb atoms. Our Rb MOT is a spatial
dark spot MOT [19]. We photoassociate Li and Rb atoms
using the output of either a 300 mW cw Ti:Sapphire laser,
or a 150 mW external-cavity diode laser (ECDL) tuned
below the Rb D1 asymptote at 795 nm. The beams are
collimated to a 1/e2 diameter of 0.7 mm at the center of
the MOTs. After photoassociation, the LiRb molecules
rapidly decay to the X 1Σ+ or a 3Σ+ electronic states.
We then ionize these molecules with the REMPI process
driven by a Nd:YAG pumped pulsed dye laser, tunable
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2FIG. 1: (Color online) Low-lying PEC diagram for the LiRb
molecule from Ref. [20]. Vertical lines show various optical
transitions, including (a) photoassociation of molecules be-
low the Rb D1 asymptote, at frequency νa; (b) spontaneous
decay of excited state molecules leading to X1Σ+ (and a3Σ+);
(c) REMPI or RE2PI to ionize LiRb molecules, at frequency
νc; and (d) state-selective excitation to deplete the REMPI
signal, at frequency νd. The black and blue dashed lines re-
spectively represents our 2(1) - 4(1) mixed states and our
depletion state. The inset shows an expanded view of the
long-range potentials near the asymptote. Table I shows the
correlation between long-range and short-range labeling.
in the wavelength range between 550 - 583 nm (18150 -
17150 cm−1). The repetition rate of this laser is 10 Hz,
and it delivers ∼3 mJ/pulse to the MOT region in a 4
mm diameter beam. When one-photon of this laser is res-
onant with a transition from an initial state (populated
by spontaneous decay from the PA state) to an interme-
diate bound state (usually one of the vibrational levels of
the B 1Π, D 1Π, f 3Π, or g 3Σ+ electronic potentials, not
shown in Fig. 1), then the molecule may absorb two pho-
tons and ionize. We detect and count LiRb+ ions using a
time-of-flight spectrometer and a microchannel plate de-
tector. To observe ions from deeply bound states we use
a two-color variant REMPI called RE2PI. In RE2PI we
reduced the power of dye laser pulse, and used the ener-
getically higher photon from the 532 nm second-harmonic
output of the Nd:YAG as the second photon. (Notation:
v′′ and J ′′ denote the vibrational and rotational levels of
the X 1Σ+ and a 3Σ+ states, v and J denote the vibra-
tional and rotational levels of the electronically excited
states driven by PA resonances (and for these vibrational
numbers, we count down from the asymptote using neg-
ative integers), and v′ and J ′ denote vibrational and ro-
tational labeling of other excited electronic states.)
III. RESONANT COUPLING EVIDENCE
In Fig. 2(a) we show the PA spectrum of the 2(1)−4(1)
mixed states near 122 GHz below the D1 asymptote.
For this spectrum the REMPI laser frequency, νc, was
fixed on the D 1Π v′ = 4 ← X 1Σ+ v′′ = 10 transi-
tion and the PA laser frequency, νa, was scanned. The
4(1) v = −16 J = 1 and 2(1) v = −5 J = 1 states
in this spectrum are coupled [21], forming mixed states
that possess characteristics of each [22], namely, the good
PA amplitude of a 2(1) state and the deep decay path of
a 4(1) state. Coupling and mixing between vibrational
levels of different electronic states can occur when states
with the same rotational number J and angular momen-
tum Ω lie close energetically [8, 23]. Ω is the projection
of the total angular momentum (excluding nuclear spin)
onto the internuclear axis. Fig. 2(a) contains several hy-
perfine echoes, labeled with an ∗. These are weaker PA
lines that originate from population in our MOTs not
in our main hyperfine component (i.e. 7Li population in
F=1 and 85Rb population in F=3).
There are three features in Fig. 2 that provide evidence
of resonant coupling of the 2(1) and 4(1) states.
(a) A 2(1) component is indicated by the large PA
amplitude of the 4(1) v = −16 state. We previously ex-
plored the v = −3, −4, and −5 lines of the 4(1) state [24],
and found that the PA amplitude for any vibrational lev-
els more deeply bound than v = −6 had vanished. The
enhanced PA amplitude for 4(1) v = −16, with no visible
PA at v = −15 and v = −17, is an indication of mixing
with a 2(1) state.
(b) The frequency spacing between the J = 1 and
J = 2 lines of the 4(1) v = −16 state in Fig. 2(a) is
increased by ∼1 GHz from the spacing expected based
on earlier spectroscopy of LiRb [25]. We have marked
the approximate expected locations of the J = 1 and 2
lines with vertical dashed red lines using Bv = 2.50 GHz.
(c) Further evidence of 2(1) − 4(1) mixing is given in
the REMPI spectra shown in Fig. 2(b). These provide
an indirect measure of the relative spontaneous decay
paths after photoassociation. We recorded these spec-
tra by tuning the PA laser to the 4(1) v = −16 J = 1
line (blue spectrum) or the 2(1) v = −5 J = 1 (green
spectrum). We have identified and labeled the lines in
these spectra, and found population in vibrational levels
of the X 1Σ+ and a 3Σ+ electronic potentials. Previously
we observed that other 2(1) states decay only to a 3Σ+
states, while other 4(1) states decay solely to X 1Σ+
states [18, 24]. However, the 4(1) v = −16 J = 1 and
the 2(1) v = −5 J = 1 states decay to both X 1Σ+ and
a 3Σ+, providing further evidence of their coupling.
Our current and previous spectroscopy on 4(1) v =
−16 state allows us to analyze two interesting spectro-
scopic quantities of LiRb. First, this leads us to a new,
higher precision determination of the well depth of the
X 1Σ+ potential. We use the transition frequency of the
B 1Π v′ = 20← X 1Σ+ v′′ = 0 transition from Ref. [25],
the PA frequency of the 4(1) v = −16 J = 2 peak in
3FIG. 2: (Color online) Evidence of 2(1) − 4(1) mixing. (a) PA spectrum of the 2(1) − 4(1) mixed states. The REMPI laser
frequency was held fixed at 17,686.8 cm−1 on the D 1Π v′ = 4 ← v′′ = 10 transition. ∗ Denotes hyperfine echoes. New
4(1) resonances as well as previously observed 2(1) and 2(0−) are labeled [18]. Dashed lines show the expected position of
the 4(1) resonance based on previous work [25]. (b) REMPI spectra from PA through the 4(1) and 2(1) states; (blue) 4(1)
v = −16 J = 1, (green) 2(1) v = −5 J = 1. The blue dashed lines represent transitions out of X 1Σ+ and the green dashed
lines are transitions out of a 3Σ+; labeling is v′′ → (excited state) v′.
FIG. 3: (Color online) Trap loss spectroscopy of 4(1) v =
−16 J = 1 (left) and 2(1) v = −5 J = 1 (right) PA resonances.
Detuning is relative to the assigned PA line center. Notice
the relative strength favoring the 2(1) resonance in contrast
to the REMPI data in Fig. 2(a). More details on our trap loss
experiments can be found in Ref. [28].
Fig. 2(a) at -113.6 GHz, the Rb atomic D1 transition fre-
quency of 12579.00 cm−1 [26] (F ′ = 2 ← F ′′ = 2), and
the ground state vibrational spacing from [25]. This al-
lows us to report a X 1Σ+ well depth of 5928.08 (0.02)
cm−1 relative to the 85Rb 5s 2S1/2 F=2 + 7Li 2s 2S1/2
F=1 asymptote. This determination agrees with, but
is of much greater precision than, the previous value of
5927.9 (4.0) cm−1 [27].
We can also use this PA spectrum to estimate the ad-
mixture coefficients of the 2(1) − 4(1) J = 1 states. We
write the mixed states |Ψ−〉 (primarily 4(1) J = 1) and
|Ψ+〉 (primarily 2(1) J = 1) as
|Ψ−〉 = c|Ψ4(1)〉 − d|Ψ2(1)〉, with energy E−, (1)
and
|Ψ+〉 = d|Ψ4(1)〉+ c|Ψ2(1)〉, with energy E+, (2)
where |Ψ4(1)〉 and |Ψ2(1)〉 are the bare (unmixed) states
with energies E4(1) and E2(1), respectively. We refer the
reader to the treatment of resonantly coupled rotational
states in Ref. [23]. We measure the frequency difference
of the perturbed states to be (E+ − E−)/h = 3.5 (0.1)
GHz, as shown in the PA spectra of Fig. 2(a). As dis-
cussed earlier, we know the unperturbed energy of the
4(1) state, marked with a red dashed line in Fig. 2(a).
Assuming an equal but opposite shift in the 2(1) energy,
we find the energy difference of the unperturbed states
to be (E2(1) − E4(1))/h = 1.5 (0.2) GHz. Following the
treatment of Ref. [23], we can use the perturbed and un-
perturbed energy spacings to derive the coupling between
the states, Vint, by diagonalizing a simple 2x2 matrix,∣∣∣∣E2(1) − E VintVint E4(1) − E
∣∣∣∣ = 0.
This will have solutions
E± =
1
2
(E2(1) + E4(1))± 1
2
√
4|Vint|2 + δ2. (3)
Re-solving this for the state coupling yields Vint =
1
2
√
(E+ − E−)2 − δ2 = 1.6 (0.2) GHz. Additionally we
can find the eigenstates of our diagonalized matrix to find
the admixture coefficients |c| = 0.84 (0.09) and |d| = 0.53
(0.05), consistent with our earlier assertion of strong mix-
ing between the states.
IV. RELATIVE DECAY PATHS
To supplement the PA spectra discussed above, we
have also observed the 4(1)−2(1) J = 1 mixed resonance
4R−
CM
R+
CM
B+(v′′)
B−(v′′) R(v′′) c2 R2(v′′) 2cdR(v′′) d2 B+(v′′) d2 R2(v′′) −2cdR(v′′) c2 B−(v′′)
X 1Σ+ v′′ = 2 2.5 (0.1) 4.6 -0.13 (0.05) 0.01 -0.12 0.29 0.18 0.00 0.12 0.71 0.83
a 3Σ+ v′′ = 7 1.5 (0.1) 2.8 -0.02 (0.05) 0.00 -0.02 0.29 0.27 0.00 0.02 0.71 0.73
X 1Σ+ v′′ = 43 2.2 (0.3) 4.0 -0.10 (0.05) 0.01 -0.09 0.29 0.20 0.00 0.09 0.71 0.80
TABLE II: Enhancement of decay of |Ψ−〉 across several vibrational levels.
through trap loss measurements. We show these spectra
in Fig. 3. In contrast to the REMPI signal, which indi-
cates formation of a stable molecule in a specific vibra-
tional level of the X1Σ+ or a3Σ+ state, a dip in the trap
fluorescence signal results when the PA laser associates a
molecule, regardless of whether that molecule decays to
a stable state or to a pair of free atoms. An interesting
feature of these spectra is that the |ψ+〉 PA resonance,
whose primary constituent is the bare 2(1) v = −5 J = 1
state, is stronger in trap loss (22% trap loss) than the
|ψ−〉 line (12% trap loss), while the |ψ−〉 resonance is
stronger than |ψ+〉 in the REMPI spectra. In the follow-
ing, we apply a simple model to characterize this.
Using the fractional losses of 22% and 12%, we calcu-
late that the PA rate to the 2(1) v = −5 J = 1 state,
|Ψ+〉, is R+PA = 1.9 (0.8) × 106 molecules/second and
the PA rate to the 4(1) v = −16 J = 1 state, |Ψ−〉, is
R−PA = 1.1 (0.5) × 106 molecules/second. The ratio of
PA strengths, R+PA/R
−
PA, is 1.83 (0.15). (Most of the
error in the individual PA rates is correlated, so the un-
certainty in this relative measurement is much less than
the quadrature sum of the individual uncertainties.)
We can calculate the PA rate using a quantum pertur-
bative framework [29]
RPA =
(
3λ2th
2pi
) 3
2 h
2
nLinRbAΩ|〈ΨS |~d|ΨPA〉|2. (4)
In Eq. (4), |ΨS〉 is the scattering wavefunction, λth is the
thermal de Broglie wavelength, nLi and nRb are the atom
densities and AΩ are the radial factors for the two states
and laser polarization. |ΨPA〉 is either |Ψ−〉 or |Ψ+〉, as
given by Eqs. (1) or (2). Since none of the other nearby
4(1) vibrational levels have been observed, we assert that
the cross section for PA to the deeply bound unperturbed
|Ψ4(1)〉 state is very small. The other various factors in
Eq. (4) are the same for |Ψ+〉 and |Ψ−〉, so the relative
PA rates are related approximately through
R+PA
R−PA
=
|〈ΨS |~d|Ψ+〉|2
|〈ΨS |~d|Ψ−〉|2
' c
2|〈ΨS |~d|Ψ2(1)〉|2
d2|〈ΨS |~d|Ψ2(1)〉|2
' c
2
d2
(5)
Using |c| = 0.84 and |d| = 0.53 that we determined in
Sec. III, we estimate that the ratio of the trap loss peaks
should be c
2
d2 = 2.5 (0.6), which is indeed consistent with
our trap loss data.
We next examine the branching ratios for decay of ex-
cited state molecules to stable molecules, whose wave-
functions we designate |Ψv′′〉. We write these as
B+(v′′) = |〈Ψv′′ |~d|Ψ+〉|2 = c2|〈Ψv′′ |~d|Ψ2(1)〉|2
+ 2cd|〈Ψ2(1)|~d|Ψv′′〉〈Ψv′′ |~d|Ψ4(1)〉|
+ d2|〈Ψv′′ |~d|Ψ4(1)〉|2, (6)
and
B−(v′′) = |〈Ψv′′ |~d|Ψ−〉|2 = d2|〈Ψv′′ |~d|Ψ2(1)〉|2
− 2cd|〈Ψ2(1)|~d|Ψv′′〉〈Ψv′′ |~d|Ψ4(1)〉|
+ c2|〈Ψv′′ |~d|Ψ4(1)〉|2, (7)
where 〈Ψv′′ |~d|Ψ2(1)〉 and 〈Ψv′′ |~d|Ψ4(1)〉 are the dipole
transition matrix elements connecting the v′′ vibrational
state of X 1Σ+ or a 3Σ+ to the bare 2(1) v = −5 and
4(1) v = −16 states. Not shown in these equations is an
overall normalization factor. The ratio of these branching
ratios becomes
B+(v′′)
B−(v′′)
' c
2 R2(v′′) + 2cdR(v′′) + d2
d2 R2(v′′)− 2cdR(v′′) + c2 , (8)
where R(v′′) = 〈Ψv′′ |~d|Ψ2(1)〉/〈Ψv′′ |~d|Ψ4(1)〉 is the ratio
of the dipole transition matrix elements.
We determine this ratio B+(v′′)/B−(v′′) for individ-
ual final states from the REMPI and trap loss spectra,
and give three examples in Table II. R−CM and R
+
CM (col-
umn 2) are the cold molecule formation rates observed
in REMPI in Fig. 2(a) when the PA laser is tuned to
the |Ψ−〉 or |Ψ+〉 peak. There we observed that ap-
proximately twice as many molecules were formed in
deeply bound singlet states when PAing to |Ψ−〉 com-
pared to |Ψ+〉 (this is difficult to see in Fig. 2(a) be-
cause of saturation effects). The cold molecule forma-
tion rate RCM is related to the PA rate RPA through
RCM = RPA × B(v′′). Using R+PA/R−PA = 1.83, as dis-
cussed above, we determined the relative branching ratios
B+(v′′)/B−(v′′) for spontaneous decay to one of the vi-
brational states of X 1Σ+ or a 3Σ+ (column 3 in this
table). We solve Eq. (8) for the ratio of transition mo-
ments R(v′′), using |c/d|2 = 2.5, and list these values in
Table II as well. We show here only one of the solutions
for R(v′′). The other root is a value of order 2, which
seems unreasonable since other unmixed 2(1) resonances
lead to relatively small numbers of stable molecules.
Finally, we examine the branching ratios B+(v′′) and
B−(v′′), as computed using Eqs. (6) and (7). We show
each of the terms within these equations individually in
5Table II. Recall that we have omitted an overall normal-
ization in these terms, as we are only examining their
relative sizes. There are some notable features to these
results. First, in any of the examples shown, for either
of the PA resonances, the |〈Ψv′′ |~d|Ψ4(1)〉|2 contribution
is the most significant, while the |〈Ψv′′ |~d|Ψ2(1)〉|2 contri-
bution is insignificantly small. Second, the cross term
2cdR(v′′) makes a strong (secondary) contribution to
each term. This cross term contribution is of opposite
sign for the two PA resonances. That is, if it adds to the
branching ratio of the Ψ− resonance, it diminishes the
branching ratio of the Ψ+ resonance. Finally, observ-
ing the relative magnitudes of these terms, we note that
the cross term is approximately half the magnitude of
the strong |〈Ψv′′ |~d|Ψ4(1)〉|2 contribution for the Ψ+ res-
onance, strongly reducing this branching ratio. This is
consistent with our observations, in which we note very
low generation of X 1Σ+ or a 3Σ+ molecules when tuned
to the |Ψ+〉 PA peak.
V. DECAY FROM 4(1) PA RESONANCE
In Sec. IV, we showed that photoassociating Li and
Rb atoms through the |Ψ−〉 resonance leads with high
probability to stable molecules, primarily in the X1Σ+
electronic ground state. Here we discuss the distribution
of this X1Σ+ electronic ground state population.
We show in Fig. 4 the calculated Franck Condon fac-
tors for the spontaneous decay of the B 1Π v′ = 20
(4(1) v = −16) to the various v′′ levels of the X1Σ+ state.
We calculated these FCFs using PECs from Ref. [27] and
LEVEL 8.0 [30]. This plot suggests that the v′′ = 43
level is the most highly populated, with a FCF of 0.35,
and a secondary but still significant FCF of 0.13 for the
FIG. 4: Calculated Franck - Condon factors using PECs from
Ref. [27] with assistance from LEVEL 8.0 [30] for the decay
path from the PA state B 1Π v′ = 20 (4(1) v = −16) to
X 1Σ+ v′′. Notice the maximum, v′′ = 43; no transitions from
v′′ = 43 show up in our REMPI data taken with the R590 dye.
All transitions observed can be assigned to X 1Σ+ v′′ = 0 -
20 and a 3Σ+ v′′ = 6 - 13.
v′′ = 42 level. A broad pedestal of vibrational levels
down to v′′ = 2 are also populated to a lesser degree.
Our observations here are in agreement with the cal-
culated FCFs. We used a second dye, LDS 698 which
lases from 14050 − 15050 cm−1, to study population in
v′′ = 38 − 45. We observed very strong population of
v′′ = 43 and to a lesser extent v′′ = 42. Our RE2PI data
on v′′ = 42 and 43 will be presented elsewhere [16]. Un-
fortunately, direct comparison of that data to the REMPI
data presented in this work on deeply bound vibrational
levels is difficult. The two different dyes have different
powers and modeling RE2PI is very difficult (modeling
REMPI isn’t any easier). Additionally the intermediate
state for that work, C 1Σ+, does not have a good theo-
retical model, so FCFs for the C 1Σ+ ← X 1Σ+ transi-
tion are unreliable, further complicating matters. At this
point in time, our best estimate for the production rate
of v′′ = 43 is Rv′′=43 = R−PAFCF43(1.15c
2) = 3 × 105
molecules/second. The factor 1.15 represents the en-
hancement factor for bound state decay discussed in
Sec. IV. This production rate is quite large and we ex-
pect that it could be increased further by increasing the
PA power or MOT sizes.
To explore the deeply bound vibrational levels popu-
lated after PA through the 2(1) - 4(1) mixed states, we
used REMPI and RE2PI with the R590 dye which lases
from 17050 − 18150 cm−1. We show a typical REMPI
scan in Fig. 5. In this spectrum, we scan νc, the REMPI
or RE2PI laser frequency, with the PA laser locked to
the 4(1) v = −16 J = 1 line. We have observed most
of these REMPI lines previously in our studies of pho-
toassociation through other vibrational lines of the 2(1)
and 4(1) series [18, 24]. Our current focus is finding pop-
ulation of low-lying vibrational levels. For example, we
have marked the series B 1Π v′ ← v′′ = 2 transitions with
black dashed vertical lines in Fig. 5. The global maxi-
mum occurs at v′ = 14 ← v′′ = 2 (not shown). The
progression provides strong evidence of population of the
v′′ = 2 vibrational state.
In contrast, population of the v′′ = 0 vibrational
state is difficult to observe in the RE2PI spectra of
Fig. 5. The 4(1) v = −16 J = 1 state decays weakly
to the ground vibrational state, predicted to be around
100 molecules/second, compared to other vibration lev-
els such as v′′ = 2, predicted to be around 2 × 104
molecules/second. Furthermore, the candidate lines in
Fig. 5 that might originate from the v′′ = 0 vibrational
state, labeled by green solid lines, are obscured by nearby
stronger lines. For example, the B 1Π v′ = 2 ← v′′ = 0
transition is much weaker than it looks on Fig. 5 be-
cause it is right next to a much stronger v′′ = 4 RE2PI
transition. In order to identify these weak lines we have
employed a form of depletion spectroscopy [31], in which
we introduce a cw laser beam tuned to a A 1Σ+ v′ ←
X 1Σ+ v′′ transition [16]. For these measurements, we
use the 150 mW ECDL to photoassociate the molecules,
and the more tunable Ti:Sapphire laser to drive the de-
pletion transition. The PA and depletion beams coprop-
6FIG. 5: (Color online) REMPI (blue) and RE2PI (red) scan, the PA laser was locked to the 4(1) v = −16 J = 1 line. Black
numbers and dashed lines label B 1Π v′ ← v′′ = 2 transitions while green numbers and solid lines label B 1Π v′ ← v′′ = 0
transitions. We have identified 92% of the REMPI and RE2PI lines in this plot. The RE2PI data is necessary because for
deeply bound initial states ionization by REMPI is out of range energetically. For example, v′ = 1, 2, 3 ← v′′ = 0 and
v′ = 5← v′′ = 2 on this plot would not be observable without RE2PI (even though there are nearby visible peaks in REMPI).
FIG. 6: (Color online) Example of a depletion spectrum on
the v′′ = 2 state. For this spectrum, the REMPI laser was
tuned to the B 1Π v′ = 14 ← v′′ = 2 transition, the PA
laser was locked to the 4(1) v = −16 J = 1 line, and νd,
the frequency of the depletion laser, was scanned. Labeling
is J ′′ → J ′. Our observed v′′ = 2 rotational constant, Bv′′ =
6.38 GHz, matches the previous measurement [25].
agate, and are focused to a 200 µm diameter spot size in
the MOT region. To benchmark this technique, we first
applied it to a v′′ = 2 resonance with the result shown
in Fig. 6. For this spectrum, we tuned the REMPI laser
frequency to the B 1Π v′ = 14 ← v′′ = 2 transition,
and tuned νd, the depletion laser frequency, across the
A 1Σ+ v′ = 15 ← v′′ = 2 transition. When on a de-
pletion resonance, the initial state population available
for ionization is transferred into a state not active in the
REMPI process, thereby diminishing the REMPI signal.
Compared to REMPI, depletion spectra are sparse and
have narrow peak widths, in this case ∼1 GHz, a typi-
cal linewidth for this type of measurement at this inten-
sity [9].
In Fig. 7, we show depletion of a v′′ = 0 line. For this
depletion spectrum, we tuned the RE2PI laser to the
B 1Π v′ = 3← v′′ = 0 transition, and varied νd, the de-
pletion laser frequency, through the A 1Σ+ v′ = 10, J ′ =
1 ← v′′ = 0, J ′′ = 0 transition. Each data point is the
average of 10 measurements of the total ion count accu-
mulated over 100 laser pulses, and error bars show the
FIG. 7: (Color online) Evidence of X 1Σ+ v′′ = 0 population.
Depletion spectra of the A 1Σ+ v′ = 10, J ′ = 1 ← v′′ = 0
transition. The PA laser is locked to the 4(1) v = −16 J = 1
peak, the RE2PI laser was tuned to the B 1Π v′ = 3← v′′ = 0
transition shown in Fig. 5. Here we extract a depletion of 0.19
(0.04) ions/shot.
1σ standard deviation. We extracted a depletion depth
of 0.19 (0.04) ions/shot. The data in Fig. 7 clearly shows
population in the ground state v′′ = 0 vibrational level.
We have two ways to estimate the v′′ = 0 J ′′ = 0 pro-
duction rate. First, we measured the PA rate and calcu-
lated the branching ratio. This gives us a v′′ = 0 J ′′ = 0
production rate of 100 molecules/second. Second, we
measured the cold ion production rate in REMPI. To
get the cold molecule production rate: RCM =
N
τdPion
,
we estimate τ , the transit time in the REMPI beam,
to be 10 ms, d, the detector efficiency, to be about
50% and Pion, the ionization probability, to be about 5%
which gives us a generation rate of 600 molecules/second.
Within expected uncertainties, these two estimates of the
production rate agree and we report the average, 300
molecules/second.
In comparison to other experiments which generate
v′′ = 0 J ′′ = 0 by spontaneous decay, this rate is competi-
tive. In KRb, an impressive 5000 molecules/second (in an
unspecified rotational distribution) can be produced [8],
however the dipole moment, 0.57 Debye (D) [7] is very
7small compared to 4.1 D for LiRb. Likewise, RbCs can
be produced at around 2000 molecules/second [10], but
RbCs also has a small dipole moment at 1.2 D [32]. LiCs
is produced at 100 molecules/second [9], but has a larger
dipole moment of around 5.5 D [33]. Finally, NaCs is
produced at 104 molecules/second [11], the highest rate,
and has a large dipole moment at 4.6 D [34], but these
are all in J ′′ = 1. Overall, LiRb has a good mix of a
strong dipole moment and good generation rate.
VI. OUTLOOK
Our production rate of v′′ = 43 J ′′ = 0 is nearly 3
orders of magnitude larger than our v′′ = 0 J ′′ = 0 pro-
duction rate, at 2×105 molecules/second. This is not the
highest production of a single ro-vibrational level among
bi-alkali’s (or even in LiRb), but v′′ = 43 is sufficiently
bound that a STIRAP transfer to the ro-vibronic ground
state will not be too difficult. Here, we recommend us-
ing the C 1Σ+ v′ = 22 as the intermediate state based on
calculated FCFs [35]. The ‘up’ laser for this transfer is at
730 nm and the ‘down’ laser is at 516 nm, both of which
are covered by commercially available diode lasers. Ad-
ditionally, this STIRAP transfer will be several orders of
magnitude stronger than transfers used by teams like the
JILA KRb team [7]. We predict (based on FCFs) that
the transition dipole moment for each leg will be around
0.1 ea0. This is a huge advantage because it reduces
the requirement for stability of the two STIRAP lasers,
reducing the experimental and complexity cost consid-
erably. With this type of STIRAP transfer, we conser-
vatively estimate producing 1 × 105 ro-vibronic ground
state molecules/second.
VII. CONCLUSION
We have experimentally explored 2(1) − 4(1) mixing
that allows PA to a deeply bound 4(1) state. From the
spontaneous decay of our 4(1) v = −16 J = 1 PA reso-
nance, we present the first observation of X1Σ+ v′′ = 0 in
LiRb produced at ∼ 300 molecules/second. We have pre-
sented plans for increasing the ro-vibronic ground state
production rate by three orders of magnitude. Currently,
work is under way in our lab to study bound-to-bound
transitions in LiRb with depletion spectroscopy using this
PA resonance. We will use the spectroscopic data to in-
crease our ground state generation rate and devise a plan
to trap ground state molecules.
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